Quinoa is a gluten-free pseudocereal crop recognized for its exceptional nutritional properties. A 3-year field experiment was conducted to evaluate the influence of soil tillage and fertilization on root growth and productivity of quinoa. The experiment was laid out in a split-plot design with two replicates, two main plots [conventional (CT) and minimum tillage (MT)] and four sub-plots [fertilization treatments: untreated, inorganic fertilization with 100 (N1) and 200 kg N ha -1 (N2), and sheep manure]. Mean weight diameter (MWD) of soil aggregates, total porosity, organic matter and soil total nitrogen increased with the longterm fertilization with sheep manure. The major part of the roots (approximately 70%) is concentrated in the 0-30 cm soil layer. Root length density increased with increased rate of applied nitrogen, and a higher value (1.172 cm cm -3 ) was found in N2 plots. Additionally, higher root mass density (1.114 mg cm -3 ) was observed under MT. Plant height and dry weight were clearly affected by fertilization, with higher values obtained in N2 plots. Moreover, it was observed that quinoa cultivated under CT and N2 treatment produced a higher seed yield (2595 kg ha -1 ). As a conclusion, increasing the levels of applied nitrogen up to 200 kg N ha -1 improves root growth and consequently the yields of quinoa.
INTRODUCTION
Quinoa (Chenopodium quinoa Willd., Family: Amaranthaceae) is a pseudocereal crop that has traditionally been cultivated in the Andean highlands of Bolivia, Peru and Ecuador for more than 7000 years, supplying highly nutritious food to poor farmers in the Andes (Jacobsen, 2003) . It is considered as a multipurpose agricultural crop. Its grains may be utilized for human consumption and animal feeding due to their remarkable nutritional properties (Bhargava et al., 2006) . The high nutritional value of the seeds is mainly due to the gluten-free and high-protein content (about 14.6%) with an abundance of essential amino acids, particularly lysine, methionine and threonine, which in cereals are deficient (Bhargava et al., 2006) . The whole plant has been used as green fodder to feed livestock, including cattle, pigs and poultry . In addition, quinoa is characterized by exceptional environmental adaption, with natural tolerance to drought, salinity, frost and other abiotic and biotic factors, making it suitable for several agricultural systems (Jacobsen, 2003; Gonzalez et al., 2012) . Because of quinoa's stress-tolerance characteristics and exceptional nutritional properties, the interest in the crop is globally increasing. The Food and Agriculture Organization of the United Nations (FAO) has already recognized quinoa as one of the crops that are destined to offer food security in the 21st century and declared the year 2013 as the year of quinoa .
The knowledge of factors that influence root development is important for improving nutrient cycling in soil-plant systems. Roots play a fundamental role in suppling water, nutrients and hormones and giving mechanical support to crop plants (Merrill et al., 2002) . In addition, the amounts of C and N supplied by roots can contribute to the improvement of soil organic matter (Sainju et al., 2005) . The contribution of the root system to total plant weight is nearly 10-20%, and a welldeveloped root system is indispensable for healthy plant growth and development. Root growth is genetically dependent, but it is also influenced by various chemical, physical and biological factors, especially those parameters that are closely correlated with the availability of oxygen and water to the roots and any kind of mechanical impedance that roots face during the growth period (Sainju et al., 2005) .
Mineral nutrition constitutes a significant factor influencing the growth of plant roots, although detailed information on nutritional effects is limited, mainly because roots are half-hidden organs that are very difficult to separate from the soil (Gregory, 1994) . The influence of fertilization on root growth is similar to that on shoot growth; however, the magnitude of the influence may differ. In soils with sufficient nutrients there are more root hairs than in those without nutrients, and the root system is mostly developed in the top layer of soil (Gregory, 1994) . In crop plants, root and shoot growth occur in an apparent coordinated fashion and thus their activities are reciprocally dependent (Goss and Kay, 2005) . When a large amount of nutrients is supplied to the leaves through the root system, photosynthesis remains high during maturation, which ensures a sufficient amount of carbohydrates in the roots (Osaki et al., 1997) . Deficiencies of mineral elements affect plant growth and root-shoot relationships. Nitrogen is one of the most consequential nutrients in crop production and a deficiency of it in crop plants profoundly influences plant growth, development and yield. The use of nitrogen fertilizer increases root growth in soils having a low organic matter content (Gregory, 1994) . In general, nitrogen fertilization can promote root growth by increasing soil nitrogen availability (Garton and Widders, 1990) and enhancing crop performance and nitrogen use efficiency (Kakabouki et al., 2018) . Moreover, nitrogen improves the production of lateral roots and root hairs, as well as increasing root length density deep in the soil profile (Hansson and Andren, 1987) .
Soil tillage is among the main elements that can affect the physical and chemical properties of soil and therefore can make differences in plant establishment, root growth, aerial cover and eventually crop yield. Reducing tillage positively affects several soil properties whereas excessive and unnecessary tillage operations give rise to opposite phenomena which are harmful to the soil. Minimum (reduced) tillage improves the soil structure, increases soil organic matter content and the proportion of larger aggregates, and reduces soil bulk density (Lal, 1989; Daraghmeh et al., 2009) . Bilalis et al. (2012) reported that the highest soil porosity, soil total nitrogen and root density of quinoa crops were observed in soils subjected to a minimum tillage system.
Limited data are available regarding the influence of soil tillage and fertilization on root growth dynamics and growth performance of quinoa under Mediterranean semi-arid conditions. Therefore, the objective of this study was to investigate the effects of tillage system and fertilizer type on the dynamics of root system development and productivity of quinoa crops.
MATERIAL AND METHODS

Site description and experimental design
A 3-year field experiment was carried out in Western Greece (Agrinio region, Latitude: 38º35´ N, Longitude: 21º25´E) from 2011 to 2013. The soil was a silt loam (24.9% clay, 61.2% silt, 13.9% sand) with pH (1:2 H 2 O) 7.4, EC 0.63 mS cm -1 , 0.152% total nitrogen, a sufficient supply of phosphorus (P Olsen: 175 mg kg -1 soil) and potassium (632 mg kg -1 soil), and 1.45% organic matter content. The site was managed according to organic agriculture guidelines (EC 834/2007) . Mean values of meteorological data concerning air temperature and precipitation on the experimental site for the three years are presented in Figure 1 . The mean air temperature showed no significant differences across the three cultivation periods of the experiment. The same was also valid for the average precipitation. However, there was a high rainfall (116.8 mm) in May 2011 resulting in a lower application of irrigation in 2011.
The experiment was set up on an area of 850 m 2 according to the split plot design with two replicates, two main plots and four sub-plots. The main plots were conventional (CT) and minimum tillage (MT). CT was achieved by mouldboard ploughing at 25 cm, followed by one-pass rotary hoeing at 10-15 cm, while MT was achieved by chiselling to a depth of 25 cm followed by chiselling down to 10-15 cm. Four fertilizer treatment sub-plots included the control (untreated), inorganic nitrogen (fertilizer 26-0-0) with 100 kg N ha -1 (N1), inorganic nitrogen with 200 kg N ha -1 (N2), and sheep manure (3000 kg ha -1 , solid, 11.52% N). The fertilizers were applied as basal fertilization. The main and subplot sizes were 200 m 2 and 50 m 2 , respectively. Quinoa (Chenopodium quinoa Willd. cv. Faro) was sown by hand in rows 30 cm apart at a depth of 2-3 cm and approximate density of 250,000 plants ha -1 . The field was sown on 6th April 2011, 5th April 2012 and 10th April 2013. An overhead sprinkler system was also set up in the field. The field area was irrigated 4 times in 2011 and 5 times in 2012 and 2013. The total quantity of water applied during the cultivation periods was 230, 250 and 250 mm in 2011, 2012 and 2013, respectively. Throughout the experimental period, there was no incidence of pest or disease on the quinoa crops. Finally, weeds were controlled by hand hoeing when it was necessary.
Sampling, measurements and methods
Mean weight diameter (MWD) of soil aggregates was determined by using the oscillation apparatus Analysette 3 (Spartan, Fritsch Ltd., Oberstein, Germany) at 100 days after sowing (DAS). The oscillation time was 4 min., using 2 kg of air-dried soil from a depth of 0 to 60 cm and sieve mesh sizes of 20 to 40, 10 to 20, 5 to 10, 2 to 5 and <2 mm. The MWD equals the sum of the products of mean diameter, x i , of each size fraction and the proportional weight, w i , of the corresponding size fraction, and it was calculated using the equation given by Van Bavel (1949) :
where:
x i -the mean diameter of each size fraction/size class midpoint, w i -the proposition of the total sample weight occurring in the corresponding size fraction.
The total porosity (St) of soil was estimated from the following equation (Flint and Flint, 2002) :
where: St -total pore spaces, Dp -particle density (2.5 g cm -3 ), Db -soil bulk density. -September, 2011 -September, , 2012 -September, and 2013 For each plot, soil bulk density was determined by taking undisturbed soil cores with 100 cm 3 cylinders from a depth of 0-10 cm. Three samples of 100 cm 3 per plot were taken at 100 DAS. The undisturbed samples were finally oven-dried at 100°C for 24 h to obtain soil dry mass and the soil bulk density was calculated as follows: Db = dry mass (g)/100 cm 3 The soil total nitrogen was determined by the Kjeldahl method, using a Buchi 316 device in order to combust and extract the soil sample.
For the determination of plant dry weight, height and LAI (100 DAS), 10 plants were randomly selected from each plot. Dry weight was determined after drying for 48 h at 65ºC. Leaf area was measured using an automatic leaf area meter (Delta-T Devices Ltd, Burwell, Cambridge, UK). Thus, the measurements on per plant basis were converted into a LAI by dividing the readings by the average crop density of each plot.
Root samples were collected from the 0-30 cm and 30-60 cm layers by using a cylindrical auger (25 cm length, 10 cm diameter) at the midpoint between successive plants within a row. Three samples were analyzed per layer per plot at 25, 50, 75, 100, 125 and 150 DAS. The corresponding growth stages according to the extended BBCH Scale were 12 (second pair of leaves visible), 21 (one side shoot visible), 60 (beginning of anthesis), 70 (fruit set), 81 (milky grain) and 89 (ripe grain) (Sosa-Zuniga et al., 2017) . For each sample, the roots were separated from the soil after being soaked in a solution of water + (NaPO 3 ) 6 + Na 2 CO 3 for 24 h and then decanted into a 0.1% trypan blue FAA staining solution (a mixture of 10% formalin, 50% ethanol and 5% acetic acid solutions). For the determination of root length density (RLD), the root samples were placed on a high-resolution scanner (Epson Perfection V330 Photo; Seiko Epson Corp., Nagano-ken, Japan) using DT software (Delta-T Scan version 2.04; Delta-T Devices Ltd, Burwell, Cambridge, UK) (Kokko et al., 1993) . The root mass density (RMD) was determined after drying for 48 h at 70ºC. Moreover, quinoa seed yield was determined by using plants from the middle subplot area (10 m 2 ) in the middle of September.
Statistical analysis
The experimental data were subjected to statistical analysis using the SigmaPlot 12 statistical software (Systat Software Inc., San Jose, CA, USA). The parameter values produced by the tillage systems and fertilization treatments in the three years were analyzed adopting a 3 × 2 × 4 factorial design (three years, two tillage systems and four fertilization treatments) laid out in a split-plot design with two replications. The analysis of variance (ANOVA) used a mixed model, with the years and replications as random effects and the tillage system and fertilization as fixed effects. Differences between means were separated using Tukey's test. Correlation analyses were used to describe the relationships between the growth parameters and yield components using Pearson's correlation. All comparisons were made at p = 0.05 level of significance.
RESULTS AND DISCUSSION
Mean weight diameter (MWD) of soil aggregates
The mean weight diameter (MWD) of soil aggregates is a parameter describing the quality of soil structure and belongs to the physical soil properties. The influence of the tillage system and fertilization on MWD of soil aggregates is shown in Table 1 . MWD was not influenced by the tillage system during the experimental periods; however, the highest values (8.44-8.68 mm) were recorded in the soils subjected to the conventional tillage system, while the lowest values (8.18-8.24 mm) were obtained from minimum tillage. Concerning the effect of fertilization, MWD did not differ among the different fertilization treatments during the first year (2011) of the experiment, but significant differences were found during the last two years, where the highest values (8.15-8.31 and 9.01-9.05 mm for 2012 and 2013, respectively) were found under manure fertilization. The application of manure improved soil physical properties through increased soil aggregation, improved aggregate stability and decreased the volume of micropores while increasing macropores (Zhang and Fang, 2007) .
Total porosity
Total porosity belongs to the most important physical soil properties and is associated with the development of the root system and the infiltration of water and nitrates. The analysis of variance revealed that total porosity was not affected by soil tillage. Despite that, the highest values were obtained in the plots subjected to minimum tillage during the experimental periods (Tab. 1). Earlier studies had shown that the adoption of a minimum tillage system led to the improvement of soil properties such as organic matter, total porosity and total nitrogen (Bilalis et al., 2010 (Bilalis et al., , 2012 . Total porosity was only influenced by fertilization.
Specifically, the highest total porosity values (46.9-47.3%) were generally observed in the case of the treatment with manure and were 4-10% higher than in the inorganic treatments. Amgain and Singh (2001) had observed that the continuous use of chemical fertilizers increased soil bulk density and mechanical impedance, and decreased soil porosity. In addition, Pagliai et al. (2004) found that the application of manure improved soil porosity and soil aggregation.
Organic matter
Organic matter is a chemical and biological property of the soil and constitutes a primary nutrient pool of organic nitrogen and a substrate for microbial activity. As shown in Table 1 , during the second (2012) and third (2013) year of the experiment, the organic matter content of soil was significantly affected by both tillage and fertilization. The soils subjected to the minimum tillage presented lower values (1.79 and 1.89% for 2012 and 2013, respectively) than the conventionally tilled ones (2.00 and 2.08% for 2012 and 2013, respectively). The lowest values observed under the minimum tillage were probably due to the non-incorporation of plant residues into the soil. The fertilization with manure gradually increased the levels of organic matter during the experimental periods, with the highest value (2.61%) obtained in the third year. Contrariwise, the application of inorganic fertilizers tended to decrease the soil organic matter content in the course of time. As reported by Varvel and Wilhelm (2010) , the application of organic fertilizers led to a higher soil organic Table 1 . Effects of tillage systems (conventional and minimum tillage: CT and MT, respectively) and fertilization (control, inorganic fertilization 100 kg N ha -1 (N1), inorganic fertilization 200 kg N ha -1 (N2) and sheep manure) on mean weight diameter (mm), soil total porosity (%), soil organic matter (% C) and soil total nitrogen (% N) of quinoa crops F-test ratios are from ANOVA. Significant at *, ** and *** indicate significance at p = 0.05, 0.01 and 0.001, respectively, and ns: not significant. The Tukey's test (p = 0.05) values for tillage system and fertilization are also presented content compared to the application of the same amount of inorganic fertilizers.
Soil total nitrogen
Soil total nitrogen is identified as a factor which is important to soil fertility in both managed and natural ecosystems (Kucharik et al., 2001) , and can reflect the soil nitrogen status. It is a component of organic matter and its levels are increased by organic fertilization. According to the combined analysis of variance and Table 1 , fertilization had only a significant effect on total nitrogen. With the exception of the first year (2011), the total nitrogen was significantly higher in the treatments with manure, and the values were 0.183 and 0.192 for the years 2012 and 2013, respectively. Because of the long-term fertilization with manure, the final rates of total nitrogen in the soil were increased by 20-25% compared to the first year (2011) of the study. In addition, the cumulative application of manure resulted in the removal of the negative effects of conventional tillage on total nitrogen, as demonstrated by the combined analysis (Tab. 4).
A similar trend has been reported by Meng et al. (2005) .
Root length density (RLD) and root mass density (RMD)
Crops can accumulate the products of photosynthesis in their leaves, stems, seeds as well as roots, and the development of robust root systems is essential to produce increased crop yields. A well-developed root system is needed to absorb adequate amounts of water and nutrients, especially under conditions of biotic or abiotic stress. Root growth and distribution constitute important characteristics for the absorption of water and nutrients from the soil profile (Costa et al., 2002; Fageria and dos Santos, 2013) . In the present study, root growth, measured as root length density (RLD), increased in a sigmoidal fashion ( Fig. 2A) with the advancement of plant age. During the first 50 days after sowing, the development of the root system was slow. A rapid root growth rate was observed before the beginning of anthesis (75 DAS), which corresponded to the plant transition between vegetative and reproductive growth, and then, the root growth increased almost linearly until the end of anthesis and the beginning of fruit development. Root length density (RLD) did not differ between the two tillage systems during the first (2011) and third (2013) year of the experiment, but significant differences were observed in 2012 (second year of experiment), especially at 100 DAS, where the higher values (0.778-1.103 cm cm -3 for 0-30 cm depth) were observed under minimum tillage (Tabs 2A, 2B, 2C ). With the exception of the first year (2011), root length density was significantly affected by fertilization. The highest root length density (RLD) was achieved in the N2 treatment at 100 DAS. In 2012, the values were 0.971-0.972 and 0.422-0.430 cm cm -3 for 0-30 and 30-60 cm depth, while, during the third year (2013), the values were 1.114-1.229 and 0.514-0.526 cm cm -3 for 0-30 and 30-60 cm depth, respectively. Root length density (RLD) either plateaued or declined until harvest (physiological maturity). Root mass density (RMD) also followed the same trend as root length density, presenting a corresponding sigmoidal fashion (Fig. 2B ) with the advancement of plant age from 25 to 150 days. The slow increase in root mass density early in the growth cycle of plant (25-50 DAS) is highly Explanations: see Table 1 associated with low translocation of photosynthetic products due to low leaf area (Fageria and dos Santos, 2013) . Root mass density (RMD) was found not to be statistically significant at 100 DAS. Despite the absence of significant effects of tillage on this trait, the plots subjected to minimum tillage presented higher values (0.771 to 0.981 mg cm -3 ) compared to the conventional plots (0.735 to 0.824 mg cm -3 ) in the 0-30 cm soil layer (Tabs 3A, 3B, 3C). Busari and Salako (2015) had reported that the consistently higher root mass found under minimum tillage probably occurred because this tillage system prevented intense soil perturbation that happened under conventional tillage, resulting in minimized root growth later. Root mass density did not differ among the fertilization regimes in 2011 and 2012, but significant differences were observed during the third year (2013), where the highest value of root mass density in the 0-30 cm soil layer was found in the plants fertilized with the highest rate of inorganic fertilizer (200 kg N ha -1 ) (Tabs 3A, 3B, 3C). Gregory (1994) had reported that root mass density and root length density were significantly increased with the addition of nitrogen fertilizer to the soil. In addition, Drew (1975) had found that root weight of barley increased in the zone where the nutrients accumulated, and it was decreased in the nutrient-deficient zone.
Plant height
Plant height was not influenced by soil tillage, but it was only affected by the different fertilization regimes. During the present experiment, plant height increased linearly with increasing rate of nitrogen fertilizer. In particular, the highest plant height was achieved in the N2 treatment (164-173 cm) followed by N1 (160-165 cm) and the treatment with manure (154-161 cm) (Tab. 4). The increased height of quinoa plants with the increased nitrogen level was mainly due to the role of nitrogen in Explanations: see Table 1 stimulating metabolic activity, which contributed to the increase in the amount of metabolites and consequently led to the elongation of internodes and increased plant height by increasing nitrogen levels (Shams, 2012; Geren, 2015) . Because of the relatively considerable height of the plant, a high concentration of photosynthetic products was observed and a positive and significant correlation between plant height and dry weight was found (r = 0.664, p < 0.001).
Leaf area index (LAI)
The results of the present study indicated that the influence of tillage system on the leaf area index (LAI) was not significant. Despite the absence of significant effects of tillage system on LAI, and with the exception of the third year (2013), the plots subjected to the conventional tillage produced the highest values (4. 66 and 4.50 in 2011 and 2012, respectively) , while the lowest values (4. 45 and 4.48 in 2011 and 2012, respectively) were obtained from the minimum tillage system (Tab. 4). This result is in accordance with previous findings of Bilalis et al. (2012) . The effect of fertilization on LAI was also not significant; however, the highest values (4.63-4.70) were found in the case of the N2 (200 kg N ha -1 ) treatment, confirming the positive response of quinoa crops to inorganic nitrogen fertilization (Jacobsen et al., 2005; Basra et al., 2014) . Also, root length density has been found to be correlated with the nitrogen content of leaves and further growth of the leaf area of quinoa plants (Kammann et al. 2011 ). Such results were also observed in our experiment, with the coefficient of correlation (r) being 0.320 (p = 0.027). The leaf area index exhibited a positive and significant correlation with root mass density (r = 0.325, p = 0.024).
Plant dry weight
Concerning plant dry weight, the influence of the different tillage systems was found not to be statistically significant. Despite that, the study data showed that the highest values (8715-8969 kg ha -1 ) were achieved in the conventional tillage plots. The combined analysis of variance (Tab. 6) revealed that only fertilization had a significant effect on this trait. Plant dry weight ranged from 8112 kg ha -1 to 8968 kg ha -1 for all the years and treatments. Lower values were obtained without fertilization, while treatment N2 (9080-9125 kg ha -1 ) and that with manure (9020-9100 kg ha -1 ) showed higher values of plant dry weight and were statistically significant in the third year (2013). Papastylianou Table 5 . Correlations between all the parameters determined in the study (2014) had demonstrated a positive impact of organic fertilization on the dry matter yield of quinoa crops. The better growth development of the aboveground parts of the plant, especially of the leaf area, in combination with the higher nitrogen levels in the N2 treatment led to higher rates of photosynthesis and hence the highest dry weight. This relationship is also evidenced by the high correlation coefficient between plant dry weight and the leaf area index of the quinoa crop (r = 0.704, p < 0.001). The relative soluble protein ratio, the carboxylase activity, and the chlorophyll and total nitrogen contents contribute to the increase in the rate of photosynthesis (Evans, 1983) , and thus to the supply of the plant and seed with photosynthetic products.
Seed yield
According to the combined analysis (Tab. 6), seed yield was influenced by the tillage system and fertilization. Seed yield was greater in the conventional than in the minimum tillage plots during the first year (2011) (up to 2527 kg ha -1 and 2306 kg ha -1 for conventional and minimum tillage system, respectively). Limited data are available regarding the performance of quinoa grown under reduced tillage systems. Bilalis et al. (2012) stated that the highest seed yield was found under the minimum tillage system. Moreover, the seed yield in our study did not differ among the fertilization treatments in the first two years (2011 and 2012), but significant differences were found during the third year (2013), with the seed yields being 9103, 9060, 8318 and 7865 kg ha -1 for the application of N2, N1, manure, and in the control, respectively. The results of our study revealed that seed yield was positively and linearly affected by the increase in nitrogen rates. In fact, quinoa responds well to nitrogen fertilization. Shams (2012) stated that the increase in the nitrogen fertilizer rate from 90 to 360 kg N ha -1 increased the seed yield of quinoa from 518% to 1394% in comparison with the control (0 kg N ha -1 ). Geren (2015) found that the application of nitrogen fertilizer at a rate of 150 kg N ha -1 was recommended in order to obtain a high seed yield (2950 kg ha -1 ), which was 357% higher than that of the control (0 kg N ha -1 ). The seed weight and yield are affected by the good development of the root system. Thangaraj et al. (1990) had reported that the root length density of lowland rice at the flowering stage was directly proportional to grain yield. Similarly, we obtained a statistically significant correlation between seed yield and root F-test ratios are from ANOVA. *, ** and *** indicate significance at p = 0.05, 0.01 and 0.001, respectively, and ns: not significant length density (r = 0.362, p = 0.0115), which is in full accordance with the study by Geren (2015) . Seed yield exhibited a positive and significant correlation with root mass density (r = 0.358, p = 0.013). Also, leaf area was linearly correlated with seed yield (r = 0.638, p < 0.001). This was due to the greater photosynthesis that led to the increase in photosynthetic products, improving both the dry weight and seed yield of the crop (Gomaa, 2013) . The interactions of the leaf area index, root length density and root mass density with the seed yield of quinoa in this work, together with multiple regressions for the conventional and minimum tillage systems, are given in Figure 3 . Finally, no interaction was found between fertilization and tillage system among the measurements in the present study.
CONCLUSIONS
The present results indicated that root growth and productivity of quinoa were significantly influenced by both the tillage system and fertilization. Mean weight diameter (MWD) of soil aggregates, total porosity, organic matter, and total nitrogen content of the soil increased with the long-term fertilization with sheep manure. The soil organic matter content was also influenced by the tillage system, and the greatest values were obtained in the soils subjected to conventional tillage, mainly due to the incorporation of plant residues in the soil. The major part of the roots of quinoa (approximately 70%) was concentrated in the upper 0-30 cm soil layer. Root length density and root mass density increased with increasing rates of applied nitrogen. Additionally, the highest root mass density was observed under minimum tillage because this soil conservation system prevented intense soil perturbation. The leaf area index (LAI) was not influenced by tillage or fertilization. Plant height and dry weight were clearly affected by fertilization, with the higher values obtained with the higher rate of nitrogen fertilization (200 kg N ha -1 ). Concerning the seed yield, the highest values were found in the plants cultivated under conventional tillage and treatment with 200 kg N ha -1 . To conclude, increasing the levels of applied nitrogen up to 200 kg N ha -1 improves root growth and consequently the yields of quinoa crops.
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